We estimated the median and maximum life spans of 1,459 spiny rats (Proechimys semispinosus) from markrecapture data collected monthly from 4 island populations in central Panama over a 9-year period. We plotted frequency distributions of life spans of males and females over 5-month age intervals, proportions of males and females surviving versus age, and survivorship curves for males and females. Median life spans ranged from 6.5 to 10 months, and maximum life spans ranged from 36 to 53 months. Frequency distributions were skewed to the right, showing a greater frequency of individuals with shorter life spans. Life spans did not differ between sexes or among islands. Survival curves were linear for both males and females within 1 population and convex for both sexes within the other 3 populations. We thereby provided the 1st quantitative analysis of life spans and survival curves for any small tropical rodent.
The life span of an organism is an important component of its life history. Maximum life span is genetically programmed but is influenced by environmental factors such as resource abundance, reproductive investments, predators, parasites, and weather conditions. Life spans of males and females often differ because of the unequal costs of reproduction. Thus, the higher intrinsic cost of reproduction in females may reduce their life span, but extrinsic costs such as search time for mates and exposure to predation may reduce the life span of males (e.g., Promislow and Harvey 1990) . Maximum life spans have been estimated for many species of mammals (e.g., Jones 1982 ), but most species for which this has been done are from the temperate zone or are represented by captive individuals. Life spans of most tropical mammals are poorly known, particularly for wild populations, because most studies of tropical mammals are of insufficient duration to estimate life spans.
Echimyid rodents of the genus Proechimys (spiny rats) are often the most abundant rodents within lowland forests throughout their geographic range, which includes most of the Neotropics (Eisenberg 1989) . Recent studies suggest that spiny rats play an important role within tropical forest ecosystems because of their activities as seed predators and dispersers (Adler and Kestell 1998; Forget 1991; Hoch and Adler 1997) , arbuscular mycorrhizae fungal spore dispersers (Janos et al. 1995; Mangan and Adler 2002) , and as prey for many animals (Adler et al. 2000; Moreno et al. 2006) . Despite their abundance and apparent importance in tropical forests, little is known about the life histories, including life spans, of spiny rats or any small tropical rodents.
The Central American spiny rat (Proechimys semispinosus), 1 of 32 currently recognized species within the genus, is distributed in lowland forests from southern Honduras to northwestern South America and is the only member of the genus throughout most of its range (Eisenberg 1989) . This rat feeds on seeds, fruits, and mycorrhizal fungi (Adler 1995; Mangan and Adler 2002) . In this study, we analyzed individual life spans within 4 insular populations of P. semispinosus within Lake Gatun, central Panama. Population densities, reproductive effort, and weighted mean monthly survival rates of adults vary among the 4 study populations (Adler 1996 (Adler , 2000 Adler and Beatty 1997) .
Our objectives were to estimate maximum life spans of P. semispinosus, construct survival curves, and determine whether life spans varied among the 4 study populations and between the sexes. We thereby present the 1st comprehensive analysis of the life span and survival curves of a small tropical rodent. We expected life spans to differ among islands because monthly survival rates within those populations over a 1-year period varied widely among islands according to local conditions (Adler 1996) . We also expected life spans to differ between males and females because of the presumably unequal costs of reproduction.
MATERIALS AND METHODS
Study area.-The study area was located within Gatun Lake, central Panama. This lake contains approximately 200 islands ranging in size from ,0.1 ha to .1,500 ha (Adler 1996) . The islands were former hilltops that were isolated by rising water levels after impoundment of the Chagres River during the completion of the Panama Canal in 1914. Detailed descriptions of these islands are available elsewhere (Adler 1994; Adler and Seamon 1991; Leigh et al. 1993; Wright 1979 Wright , 1985 .
We selected 4 islands for long-term study based on a previous census of populations of P. semispinosus on 50 of the small (,17-ha) islands (Adler and Seamon 1991). The 4 islands (designated as islands 4, 8, 14, and 52-Adler 1994, 2000) were selected because they were all approximately the same size (1.9-2.7 ha) and isolation (30 m from other landmasses containing P. semispinosus), they supported persistent populations of P. semispinosus, and they were sufficiently small to permit regular and thorough sampling of individuals within each population (Adler 2000) . The 4 islands experienced the same climatic patterns and seasonality because of their close proximity (within an area of 40 km 2 ). Sampling procedures.-Live traps were used to sample individuals of the 4 populations of P. semispinosus monthly. Sampling grids that covered the entirety of each island were established with an intertrap distance of 20 m. A single wiremesh live trap (40.6 Â 12.7 Â 12.7 cm; Tomahawk Live Trap Co., Tomahawk, Wisconsin) was set on the ground (P. semispinosus is strictly terrestrial-Lambert and Adler 2000; Tomblin and Adler 1998) at each station and baited with cut ripe banana. Traps were set for 5 consecutive days and 4 nights each month and checked each morning. Upon initial capture, all spiny rats were ear-tagged with a serially numbered metal tag and toe-clipped for permanent identification. Upon 1st capture each month, all individuals were identified and weighed, and sex and age (juvenile, subadult, or adult) were determined, then they were immediately released at the station of capture. Age classes were established according to pelage characteristics (Adler 1994). Juveniles were characterized as having dark brown fur with no or few spines, adults were characterized as having chestnut-brown fur and fully developed spines, and subadults had a combination of juvenile and adult pelage. We began the censuses in January 1991 and continued through February 2000; sampling was conducted in 1995 only during January and July. Sampling procedures adhered to guidelines approved by the American Society of Mammalogists (Gannon et al. 2007 ) and were approved by the University of Wisconsin-Oshkosh Institutional Animal Care and Use Committee.
Data analysis.-We included in the analysis only those rats whose estimated month of birth fell within the study period. The month of birth for each captured rat was estimated based on body mass at 1st capture compared with growth curves of individuals that were captured shortly after birth (Adler 1994). Rats were assumed to have died during the last month that they appeared in the monthly censuses. Any individual that was known to be alive at the end of the study period (i.e., was captured during the last monthly sampling period) was rightcensored (SAS Institute Inc. 1990). Eliminating right-censored individuals from analysis is not recommended for several reasons, most importantly because they more frequently represent longer-lived individuals. A lower bound on their life span can be estimated. To account for such censoring, an additional variable is included in the analysis to designate complete life spans and censored life spans. We calculated median and maximum life spans for both males and females on each island. Frequency distributions of life spans for both males and females were plotted separately for the sexes on each island, with ages grouped into 5-month periods.
We plotted the proportions of males and females surviving to a given age separately for each island. The log-rank test (or exponential ordered scores test) and the Wilcoxon test are 2 widely used nonparametric rank tests for determining homogeneity between 2 or more lifetime distributions described by such plots (Lawless 1982; Pyke and Thompson 1986; SAS Institute Inc. 1990 ). Rank tests are distribution-free because the test statistic is a function of the observations rather than their actual values (Lawless 1982) . The censored-data generalization of the log-rank test (SAS Institute Inc. 1990 ) is a more appropriate method for comparing lifetime distributions that include censored observations than is the Wilcoxon test (Pyke and Thompson 1986) . Furthermore, the Wilcoxon test places more weight on early deaths and thus can yield dubious results in cases with censored individuals (Pyke and Thompson 1986) , whereas the log-rank test places more weight on longer survival times (SAS Institute Inc. 1990). Because our data consisted of heterogeneous times of origin and some censored individuals, we used the log-rank test of the LIFETEST procedure (SAS Institute Inc. 1990 ) to compare life spans of spiny rats among islands and between sexes.
We also plotted survival curves as the log 10 (number of individuals surviving) versus age (in months) for both sexes on all 4 islands to summarize changes in mortality rate over the life spans of spiny rats. We used the Weibull frequency distribution (Weibull 1951) to analyze survivorship curves of spiny rats. The Weibull distribution is perhaps the most commonly used lifetime distribution model for failure-time data (Kalbfleisch and Prentice 1980; Lawless 1982) . The distribution admits closed-form expressions for tail area probabilities and, as a result, generates convenient formulas for survival and hazard functions (Kalbfleisch and Prentice 1980 ). An empirical check for the appropriateness of the Weibull distribution is provided by the approximate linearity of a log 10 (Àlog 10 proportion surviving) versus log 10 age plot (Kalbfleisch and Prentice 1980) . The Weibull distribution is an indispensable tool for analyzing survival curves because the form of the curves, that is, type I (convex), type II (linear), or type III (concave), can be determined quantitatively and objectively by the distribution's shape parameter, c (Pinder et al. 1978 ). This parameter is a dimensionless number and can be calculated only by an iterative procedure. Thus, if c , 1, then the survival curve is concave, if c ¼ 1, then the curve is linear, and if c . 1, then the curve is convex. We solved for c to determine the shape of the survival curves of both sexes separately on the 4 islands.
RESULTS
We estimated the life spans of 1,459 individuals, 104 of which were right-censored (i.e., captured during the final monthly sampling period; Table 1 ). Median life spans ranged from 6.5 months for males on island 4 to 10 months for females on island 52 (Table 1) . Maximum life spans ranged from 36 months for females on island 4 to 53 months for males on island 14 (Table 1) . Both sexes on all 4 islands had similar frequency distributions of life spans (Fig. 1) . Distributions on all islands were skewed strongly toward the right, indicating that very small numbers of rats that survived to old relative ages (Fig. 1) . There was generally a large decrease in the frequency of rats surviving from 9 to 14 months, which corresponds to the approximate age of 1st reproduction (Adler and Beatty 1997).
Proportions of individuals surviving to a given age decayed exponentially (Fig. 2) . The rank test of homogeneity among those survival distributions revealed no significant differences in life spans of spiny rats among islands (v 2 ¼ 0.83, d.f. ¼ 3, P ¼ 0.3620) or between the sexes (v 2 ¼ 1.22, d.f. ¼ 1, P ¼ 0.5428). Survival curves for both sexes on all 4 islands were linear when graphed on a log 10 (Àlog 10 ) versus log 10 scale (Fig. 3) . Therefore, the Weibull frequency distribution was appropriate, and the calculated c-values were all !1.00 (Table 1) . Thus, the survival curves (log 10 number surviving versus age) were either linear (males and females on island 4) or convex (all other sexes and islands; Fig. 3 ).
DISCUSSION
The accuracy of life-span estimates within wild populations depends upon sampling efficiency. Spiny rats vary in trappability both seasonally and among islands, and some individuals are not captured for several successive months (Adler and Lambert 1997). Although we assume that the last capture represents the last month of life, this assumption is biased for individuals who live beyond their last capture. However, trappability improves with age (Adler and Lambert 1997), rendering estimates of maximal life spans more reliable.
Estimates also depended upon the degree to which the data were censored. We right-censored because some individuals were still alive at the end of the study. However, we did not left-censor but instead included only those individuals whose estimated birth dates fell within the study period, and we therefore included mostly those individuals for which we had a complete life span (other than those still alive at the end of the study). The resulting, relatively robust data set consisted of 1,459 individuals, of which only 7.1% were right-censored.
We also assumed that the islands represented closed systems and that all individuals were born and died on their island of capture. Throughout the duration of the study, we never recorded any individuals who moved between islands. This observation suggested that migration of spiny rats to or from the islands, although it certainly occurred (Adler and Seamon 1991), was negligible and therefore disappearance was more likely due to death rather than to emigration. Despite these sampling caveats, we are confident that our sampling was of sufficient duration (9 years) and intensity (4 nights per month) to reveal the approximate life spans of spiny rats.
Examination of our data revealed 3 notable points with respect to life spans of P. semispinosus. First, the maximum life span was 53 months (4.4 years), which was for a male on island 14. Maximum life spans on the other 3 islands were at least 3 years for both males and females. Comparable data from other natural populations and species of echimyids are scant because of the short duration of sampling in most other studies. However, Bergallo (1995) recorded a maximum life span of 30 months (2.5 years) for wild Proechimys iheringi in southeastern Brazil, and Everard and Tikasingh (1973) recorded a maximum life span of 20 months (1.7 years) for wild Proechimys trinitatus on Trinidad. Jones (1982) recorded a maximum life span of 58 months (4.8 years) of captive P. semispinosus. Therefore, our estimate of 4.4 years approaches the maximum for captive individuals. Life spans of P. semispinosus within the insular populations were probably longer than within mainland populations because of reduced predation on the islands (Adler 1996) , which is a pervasive trend common to rodents in both tropical and temperate regions (Adler and Levins 1994) . Unfortunately, comparable data for this species were not available from mainland populations. However, we suggest that in the insular environment of reduced and sometimes wholly absent predation, some individuals may have approached the genetically determined maximal life span of this species. Thus, the maximal life span in our study (4.4 years) was approximately that of individuals in captivity (4.8 years).
Second, life spans did not differ among islands. This finding was surprising because short-term (monthly) survival rates varied among islands at least occasionally (Adler 1996), presumably because of differences in local conditions, including food availability (Adler 1998) and the occasional occurrence of predators (Adler 1996) . However, any periodic differences in local conditions likely were manifested among the islands at different times, and over longer periods of time, differences in survival among islands became trivial. Thus, although monthly survival rates may periodically have varied among islands, life spans did not vary because local conditions were averaged over longer periods of time and converged among islands. However, our sampling period of 9 years was of insufficient duration to search for temporal differences in life spans of spiny rats because some spiny rats were alive through half of the entire sampling period.
Third, life spans did not differ between sexes. In fact, survival curves of males and females displayed remarkable congruence. This nearly perfect congruence was surprising because male and female mammals can be expected to show systematic differences in life spans that are associated with sexspecific life histories. Among mammals with polygynous or promiscuous mating systems such as P. semispinosus (Endries and Adler 2005), males range more widely (Adler et al. 1997; Endries and Adler 2005) and are expected to experience higher extrinsic mortality from factors such as predation. By contrast, females, although having smaller home ranges (Adler et al. 1997; Endries and Adler 2005) and presumably lower extrinsic mortality, have higher intrinsic mortality due to the higher costs of reproduction (Promislow and Harvey 1990) . Males may have longer life spans on islands relative to mainland areas because of lower rates of predation. Similarly, females on the islands may have longer life spans than their mainland counterparts because of reduced reproductive output (Adler and Beatty 1997) and therefore lower intrinsic mortality. Thus, life spans of both sexes apparently converge to similar lengths and more closely approximate their genetically determined maxima, which may be similar for both sexes.
The life span of an organism is an important component of its life history, yet comprehensive studies on life histories of tropical mammals, particularly within large tracts of pristine mainland habitat, are virtually nonexistent. We suggest that more effort be directed toward solving the logistical constraints of long-term sampling of tropical mammals so that gaps in our knowledge of their life histories are filled. Filling such gaps will promote a better understanding of the evolution of life histories of mammals in general.
